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Abstract
What causes phenotypic variation? By now it is clear
that phenotype is a result of the interaction between
genotype and environment, in addition to variation
not readily attributable to either. Epigenetic phe-
nomena associated with phenotypic variation at the
biochemical, cellular, tissue, and organism level are
now well recognized and are likely to contribute to
the ‘‘intangible variation’’ alluded to. While it is
clear that epigenetic modifications are mitotically
heritable, the fidelity of this process is not well
understood. Inheritance through more than one
generation of meioses is even less well studied. So it
remains unclear to what extent epigenetic changes
contribute to phenotypic variation in natural popu-
lations. How might such evidence be obtained?
What are the features of phenotypes that might
suggest an epigenetic component? How much of the
epigenetic component is truly independent of ge-
netic changes? The answers to such questions must
come from studies designed specifically to detect
subtle, stochastically determined phenotypic varia-
tion in suitable animal models.
Introduction
The phenotype-driven genetics methods of linkage
analysis and positional cloning have enabled us to
discover the genetic cause of mammalian Mendelian
phenotypes, that is, those phenotypes with a perfect
correspondence between phenotype and a single-
locus genotype, (Risch 2000; van De Sluis et al.
2002). However, much mammalian phenotypic var-
iance cannot be attributed to single-gene effects, and
other sources include multigene effects, environ-
mental influences, noise, and epigenetic effects.
Epigenetic effects are those effects caused by chem-
ical modifications to DNA that do not alter the DNA
sequence but do alter the probability of gene tran-
scription. Such modifications include direct cova-
lent modification of the DNA by methylation of
cytosines in symmetric or asymmetric contexts and
modification of the proteins that bind to DNA. Such
modifications may alter DNA accessibility to tran-
scription complexes at a local level and affect higher-
order chromatin structure at regional and genome-
wide levels, thus linking genome structure and
transcriptional regulation. The progressive elucida-
tion of epigenetic molecular mechanisms in differ-
ent organisms has been and continues to be a major
project of many laboratories. Excellent reviews on
this topic appear frequently, reflecting the rapid ad-
vances of knowledge in the field and its entangle-
ment with the new field of small RNAs (Almeida
and Allshire 2005; Bannister and Kouzarides 2005;
Bernstein and Allis 2005; Mellor 2005; Sproul et al.
2005; Zamore and Haley 2005; Zilberman and
Henikoff 2005) (the reader is also referred to Sym-
posium 69, 2004, of the Cold Spring Harbor Sympo-
sia on Quantitative Biology, containing diverse
epigenetics reviews).
Of special relevance to the mammalian genome,
phenotype-driven genetics methods such as sensi-
tized mouse mutagenesis studies are discovering
molecules involved in mammalian epigenetic regu-
lation and are exposing subtle effects of such mole-
cules on the whole animal (Blewitt et al. 2005;
Bultman et al. 2005). Strategies used to study epi-
genetic mechanisms in the mouse have recently
been well reviewed (Mager and Bartolomei 2005).
This review does not focus on epigenetic mecha-
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nisms but takes up the topic of the biological sig-
nificance of epigenetic genome regulation, focusing
on mammals as much as possible.
Epigenetic mechanisms are intimately involved
in setting up and maintaining the two major forms
of chromosomal structure, heterochromatin and
euchromatin, and in the structural switches of fac-
ultative heterochromatin between the two. Nuclear
transplantation studies and studies of germ cell for-
mation have established that epigenetic reprogram-
ming is an essential component of the very earliest
stages of mammalian embryogenesis, and in
Drosophila of germ cell development and mainte-
nance (Hochedlinger and Jaenisch 2002; Xi and Xie
2005). Disruption of normal epigenetic reprogram-
ming, like that which occurs following interference
with normal DNA methylation processes, has severe
impacts on development of the embryo (Li 2002; Li
et al. 1992; Okano et al. 1999). Spontaneous epige-
netic pathology has been linked with several sorts of
human disease, e.g., imprinting disorders and cancer
(Egger et al. 2004; Holm et al. 2005).
The cardinal signs of epigenetic effects on gene
transcription are variable expression of a gene in a
population of isogenic individuals (variable expres-
sivity) and/or a mosaic pattern among cells of the
same type within an individual (variegation)
(Whitelaw and Martin 2001 and references therein).
The phrase ‘‘metastable epialleles’’ was coined to
describe alleles with more than one stable epigenetic
state driving variable expressivity and variegation
(Rakyan et al. 2002). At each new generation, the
establishment of a metastable epiallele’s epigenetic
state is probabilistic, although there may be some
parental influence, and once established the epige-
netic state is mitotically inherited. Thus, classical
imprinted alleles are epialleles, but they are not
metastable epialleles because establishment of their
epigenetic state in each new generation is strictly
determined by the parent of origin of the allele.
Epigenetic states at chromosomal loci are reversible
and changes of epigenetic state occur regularly dur-
ing development as cells undergo differentiation and
are age-dependent in the adult animal (Bennett-
Baker et al. 2003). Over the lifespan of the animal, it
was estimated that epigenetic changes occur more
frequently than DNA mutations (Bennett-Baker
et al. 2003).
Using a proviral construct transfected into
mammalian cells, Lorincz et al. (2002) showed that
the construct’s DNA methylation state was estab-
lished stochastically. The state established was
influenced by the initial methylation density and by
a cis-acting regulatory element whose absence
increased the probability of methylation of the
construct. Unmethylated or densely methylated
constructs were stably maintained and propagated,
while low-density methylated constructs were
inherently unstable and subject to stochastic deme-
thylation or de novo methylation (Lorincz et al.
2002). Stochastic establishment of methylation of
naturally occurring alleles has been observed in mice
and is believed to be a general feature of DNA
cytosine methylation in mammals.
There is no doubt that epigenetic modifications
to DNA are mitotically heritable, and there is well-
documented evidence of meiotic or transgenera-
tional epigenetic inheritance for individual genes
over several generations in a number of model
organisms including flies, mice, worms, and plants
(Finnegan 2002; Rakyan et al. 2003; Zilberman and
Henikoff 2005). But how much phenotypic variabil-
ity does the epigenotype account for in mammals
and to what extent does transgenerational epigenetic
inheritance occur in natural populations?
Epigenetics and phenotypic variation
The extent to which epigenotype contributes to var-
iable phenotype is somewhat controversial and is
difficult to disentangle from genetic and environ-
mental contributions in outbred natural populations.
Much evidence is indirect, being the genetic equiv-
alent of an artwork’s ‘‘negative space,’’ i.e., epige-
netic effect is a strong candidate source of phenotype
variability after genetic and environmental effects
have been ruled out. For example, animal studies
using isogenic mammalian populations in defined
environments showed that approximately 70%80%
of phenotype ‘‘random variability’’ in biological
quantitative traits was unrelated to environment
(Gartner 1990). At the time, technical and perhaps
conceptual limitations prevented better definition of
the source of this apparently nongenetic, nonenvi-
ronmental variation. In a number of instances, phe-
notypic discordance between human monozygotic
(MZ) twins raised apart is no greater than phenotypic
discordance of MZ twins raised together. This sug-
gests that a large proportion of the discordance is a
result of something other than environment (Wong et
al. 2005). Indeed epigenetic discordance can account
for phenotypic discordance between MZ twins in
imprinting disorders such as Beckwith-Wiedemann
syndrome (Weksberg et al. 2003).
More recently, gene transcription has been di-
rectly investigated as a quantitative trait in studies
of phenotypic variability. Do these studies tell us
anything about the role of epigenetics in the deter-
mination of phenotype? Epigenetic modifiers of a
notional locus A might be identified as cis-acting,
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without DNA sequence changes in the ‘‘mutant’’
allele. As sensitized mutagenesis studies have
shown, trans-acting loci may also be identified, e.g.,
loci encoding histone or DNA methyltransferases.
Microarray-based global transcription profiling
studies in combination with classical genetic stud-
ies, such as linkage analysis in human and mouse
populations and other model organisms such as
yeast, show that natural variation in transcript
abundance is common in eukaryotes and is often
genetically linked to multiple loci. Mouse and hu-
man studies indicate that cis-acting elements are an
important component of mammalian gene expres-
sion variability, although the sensitivity of micro-
array platforms to detect cis-acting elements in
diploid organisms is limited by the inability to sep-
arate allele-specific measurements (Stamatoyannop-
oulos 2004).
The involvement of cis-acting elements in tran-
script abundance implicates genetic involvement of
regulatory systems involved in epigenetic effects
such as promoters, silencers, enhancers, and insu-
lators. Indeed, allele-specific transcriptional varia-
tion in 4 of 69 mouse genes expressed from four
different inbred strains was accompanied by multi-
ple strain-specific promoter sequence differences for
each gene (Cowles et al. 2002). In this case, the re-
sults indicate a likely genetic rather than epigenetic
source of the variation, as do studies showing Men-
delian inheritance of allele-specific expression vari-
ation in humans (Yan et al. 2002). Incomplete
penetrance was observed in another similar study,
suggesting a role for epigenetic factors, but the
influence of trans factors could not be ruled out
(Pastinen et al. 2004). As with other quantitative
traits, variance in gene expression between MZ
twins, e.g., as found by Cheung et al (2003) and
Sharma et al (2005), more clearly suggests a distinct
role for epigenetic phenomena.
Genome-scale transcriptional profiling studies
and allelic expression patterns also identify consid-
erable variation lacking an obvious genetic source
(Brem et al. 2002; Cheung et al. 2003; Schadt et al.
2003). However, tracking down a source as purely
epigenetic is severely limited if not impossible when
working with outbred populations because of the
abundant supply of genetic variation and the diffi-
culties in controlling confounding factors such as
environment or allelic transcript stability. Further-
more, the intent of most studies is to quantify ge-
netic causes of gene expression variation between
tissues, individuals, or populations. Thus, the study
designs will not be sensitive detectors of epigenetic
effects, despite showing there is potential for wide-
spread epigenetic regulation of gene expression. It
may be possible to gain an idea of the genome-wide
impact of epigenetic transcriptional effects by tran-
scriptional profiling studies within inbred strains of
animals, under defined environmental conditions.
Epigenomics
Epigenomics has been defined as the study of the
effects of structural and chemical modifications to
chromatin and its component proteins and DNA
(Murrell et al. 2005). The epigenome changes
according to cell cycle, cell type, age of the organism,
and species, and in response to environmental factors
such as nutrition. Nonetheless, with increasing
awareness of the importance of epigenetic mecha-
nisms in human disease, several groups have set out
to characterize mouse and human epigenomes.
Technologies used for genomic analysis of DNA
methylation, chromatin-associated proteins, and
chromatin higher-order structures were recently re-
viewed and are not discussed in detail here (Murrell
et al. 2005). Recent studies marrying epigenome
analysis with gene expression are confirming that
epigenetic variation is rife within mammalian ge-
nomes, at least within the mouse and human.
The Human Epigenome Project (HEP) aims to
‘‘identify, catalogue and interpret genome-wide
DNA methylation patterns and profiles of all human
genes in all major tissues’’ and their diseased vari-
ants (Murrell et al. 2005). Bisulfite sequencing re-
mains the most sensitive and specific method for
analyzing DNA methylation, although development
of new genome-scale methods may eventually rival
it and provide potential for higher throughput anal-
ysis (Murrell et al. 2005). In a pilot study, HEP used a
modified high-throughput bisulfite sequencing
method and also matrix-assisted laser desorption/
ionisation mass spectrometry (MALDI-MS) to ana-
lyze cytosine methylation of CpG dinucleotides in
targeted regions of 90 major histocompatibility
(MHC) region genes, sampling six different tissue
types from 32 persons (Rakyan et al. 2004). The two
methods produced comparable results and showed
that there was considerable interindividual variation
in DNA methylation, with over 80% of unique CpG
sites showing greater than 20% variation between
individuals. Methylation patterns of about 10% of
amplicons were tissue specific. Moreover, CpG
methylation status of the upstream sequence of a
subset of 24 genes correlated with their expression
levels in prostate and liver. In principle, this con-
firms, at the genomic level in a natural population,
the general model that epigenetic states influence
phenotype, i.e., gene expression, and that epigenetic
variation due to DNA methylation is common in the
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genome, at least in the human MHC. As Rakyan
et al. point out, problems remain with inherent
technical variation and the use of samples uncon-
trolled for factors affecting epigenetic state such as
environment, age and gender. Moreover, the use of
genetically diverse samples leaves open the possi-
bility that certain genotypes might be associated
with a particular epigenotype.
Combined chromatin immunoprecipitation
(ChIP) and microarray studies have been used to
construct genome-wide maps of modified histones in
flies and yeast (Bernstein et al. 2002; Pokholok et al.
2005; Schubeler et al. 2004). These studies showed
that the transcribed parts of active genes are associ-
ated with histone H3 lysine 4 (H3K4) methylation.
To better delineate the properties of mammalian
chromatin on a large scale, Bernstein and colleagues
(2005) used a combination of ChIP, linear DNA
amplification, and tiling oligonucleotide arrays to
map histone modifications for human Chromo-
somes 21 and 22 in HepG2 hepatoma cells, and for
six genomic loci orthologous in mouse and human.
An interesting finding from this study was that
conservation of histone modifications between
orthologs in human and mouse was stronger than
conservation of DNA sequence.
In a different approach, ChIP and reverse-tran-
scription real-time PCR was used to assess histone
lysine methylation states at DNA repeats in mouse
embryonic cells and their differentiated derivatives
(Martens et al. 2005). This study showed that in
major and minor satellite repeats, the repressive
histone marks—trimethylation of histone H3 lysine
9 and histone H4 lysine 20—appeared stable between
different cell types. Conversely, for other classes of
repeats such as DNA transposons and retrotranspo-
sons, repressive histone lysine methylation states
varied between cell types. Some marks appeared
quite variable within a cell and repeat type, sug-
gesting the potential for variable transcriptional
repression.
Epigenetic studies in isogenic populations
In an attempt to link epigenetic variation with
phenotypic discordance in MZ twins, gene expres-
sion at the genomic scale has also been studied using
a large group of MZ twins (Fraga et al. 2005). Global
and locus-specific 5mC DNA methylation, and
acetylation of histones 3 and 4 were analyzed in
lymphocytes of 15 male and 25 female MZ twin sets.
The results showed that 65% of twins had almost
identical epigenetic characteristics but that 35% had
divergent characteristics and that the widest diver-
gence was seen in older twins and those with
divergent lifestyles. Microarray analysis of gene
expression appeared to confirm these findings. The
essential point of this article is that it shows that
epigenetic differences between individuals correlate
with gene expression differences in the presence of
the same genetic background. Discordance between
MZ twins with respect to occurrence of schizo-
phrenia led to attempts to attribute this to epigenetic
variation. Petronis et al. (2003), using evidence from
two pairs of twins, one pair being discordant for
schizophrenia, claimed proof of principle that mul-
tiple epigenetic differences exist between MZ twins
(Petronis et al. 2003). The study analyzed the pro-
moter region of a single gene with methods rarely
used by others; thus, the conclusions await inde-
pendent confirmation.
It is likely that further twin studies, as well as
studies in isogenic mice, will expand our under-
standing of the association between epigenetics and
phenotype in mammals. For example, studies of gene
expression in large sets of MZ twins, ideally discor-
dant for some phenotypic character such as a
genetically determined incompletely penetrant dis-
ease, could provide the groundwork for further
studies to link epigenotype to gene expression and/or
biological phenotype.
Transgenerational epigenetic inheritance
With accumulating evidence of epigenetic associa-
tion with normal phenotypic variation, the question
arises as to the heritability of epigenetic character-
istics. Transgenerational epigenetic inheritance is
difficult to study in outbred populations because the
effects are stochastic, may be parentally influenced,
and may be quite small, requiring large study popu-
lations to detect. As noted elsewhere, transgenera-
tional epigenetic inheritance does not include
imprinting, although this strict exclusion may not
apply in some cases (see discussion about Kaati et al.
below) (Rakyan and Whitelaw 2003). While trans-
generational epigenetic inheritance has been docu-
mented in many eukaryotes, evidence in mammals
is scanty. Abnormal methylation patterns of mouse
urinary protein inherited for two generations after
nuclear transfer were reported by Roemer et al.
(1997). However, other reports indicate reversal of
abnormal clone phenotypes in offspring of clones
from nuclear transplantation, suggesting that the
abnormalities were epigenetic in nature and were
corrected in the germ cells of the clone (Wells 2005).
Epigenetic inheritance has been studied exten-
sively in viable yellow mice (Avy) and Axin-fused
(AxinFu) mice (Morgan et al. 1999; Rakyan et al.
2003). In these mice, a variably penetrant phenotype
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is linked to the activity and DNA methylation status
of a retrotransposon driving abnormal expression of
the Avy gene and production of aberrant transcripts
from the AxinFu gene. The studies show that trans-
generational inheritance of the methylation mark at
these alleles can be through the maternal and/or the
paternal germline, and it is strain dependent.
These two mouse models are convenient for
investigation of epigenetic inheritance in that a clear
phenotype is linked to an epigenetically controlled
promoter for both genes. It is logical to suppose that
many other examples exist with either a similar
class of alternative promoter (i.e., retrotransposon
promoter) or a more standard promoter; however,
their detection and investigation is problematic if
they lack a distinct phenotype. For example, a third
naturally occurring metastable epiallele is the
CabpIAP allele, discovered by searching gene
expression databases for genes with alternative
5¢ regions provided by an endogenous retrovirus
(Druker et al. 2004). No obvious phenotype, other
than aberrant transcripts, has been associated with
CapbIAP and its epigenetic heritability status has not
been studied.
Epigenetic inheritance of environmentally induced
phenotypes
An important idea driving interest in epigenetic
inheritance is whether environmentally induced
changes in epigenetic status, and hence gene tran-
scription and phenotype, can be transmitted through
more than one generation. Avy mice were used to
demonstrate that maternal diet influences epige-
netic states and hence phenotypes of F1 offspring
through altering the probability of methylation of
the Avy locus (Waterland and Jirtle 2003; Wolff et al.
1998). However, the experiments in these two
studies did not test whether the altered epigenetic
states were then passed, without further dietary
interference, to subsequent generations, and so no
further inferences can be drawn regarding heritabil-
ity of environmentally mediated epigenetic effects.
An intriguing link was made in rats between the
quality of maternal care as measured by licking and
nursing behavior and the epigenetic status of the
glucocorticoid receptor gene and behavioral pheno-
type of the offspring (Weaver et al. 2004). Again, the
study was conducted on too few generations to
determine whether the effects might be heritable.
Offspring of male mice treated with chromium(III)
chloride have an altered lifetime risk of developing
specific cancers, and Shiao and colleagues hypothe-
sized an epigenetic rather than a genetic cause (Shiao
et al. 2005 and refs therein). Evidence supporting the
argument included allele-specific DNA hypomethy-
lation of the ribosomal RNA spacer promoter of the
45S ribosomal RNA gene in the sperm of treated
mice. In addition, the paternally acquired epimuta-
tion is transmitted to the F1 offspring (Y.H. Shiao,
personal communication), but the work awaits fur-
ther clarification through linkage of 45S ribosomal
RNA hypomethylation to the phenotype and study
of the phenotype in the F2 generation.
Transgenerational effects of environmental
exposure to hormones or hormone-like substances
has been of longstanding interest to the medical and
ecologic communities. Diethylstilbestrol (DES), for
example, was shown to affect the cancer suscepti-
bility phenotype of ‘‘grandchildren’’ of DES-exposed
female mice; the results suggested transmission of
epigenetic pathology, but epigenetic investigations
were not reported (Newbold et al. 2000). A trans-
generational epigenetic modification affecting at
least three subsequent generations has been reported
for rats exposed in utero to vinclozolin, an agricul-
tural fungicide, or methoxychlor, a pesticide (Anway
et al. 2005). Metabolites of these agents possess weak
endocrine activity, and the agents are known
generically as endocrine disruptors. Earlier experi-
ments showed that either agent, when administered
to the female mice or rats in midgestation, during
embryonic primordial germ cell migration and
gondadal sex determination, produced defective
spermatogenic capacity in F1 offspring (Shimamura
et al. 2002; Uzumcu et al. 2004). The underlying
hypothesis of the new work is that disruption of
normal genome demethylation and remethylation in
primordial germ cells of the embryo (F1) leads to a
change in the potential for normal demethylation
and remethylation of the affected loci in the fol-
lowing and subsequent generations (F2+). The
abnormal male phenotypes were observed in several
male lines each from differently treated F0 dams (and
presumably different sires) of two different rat
strains. This, and the non-Mendelian inheritance of
the traits, argue against the possibility of a vincloz-
olin-induced genetic cause for the phenotype, and
together with the methylation data suggest epige-
netic inheritance. It will be interesting to follow the
future course of these studies as the nature of the
epigenetic abnormalities is explored in more depth.
Human epigenetic inheritance
Recently, germline epimutations of MLH1 have been
identified in individuals with colorectal and other
cancers characterized by microsatellite instability
(Hitchins et al. 2005; Suter et al. 2004). MLH1 en-
codes a protein involved in DNA mismatch repair,
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and somatic biallelic hypermethylation of its pro-
moter is associated with sporadic colorectal carci-
noma in older women. Heterozygous germline
mutations of MLH1 cause the autosomal dominant
cancer predisposition syndrome hereditary nonpo-
lyposis colorectal cancer (HNPCC). Promoter meth-
ylation screens of several genes, including MLH1,
were conducted in individuals with personal or
family histories of colorectal cancer, but lacking
evidence of MLH1 mutation. Three individuals were
identified with hemiallelic promoter hypermethyla-
tion of MLH1 in tissues from all embryonic germ cell
lineages. The affected allele was silenced; loss of the
other allele was shown in tumor tissue, and absence
of MLH1 protein in tumors demonstrated complete
functional loss of MLH1. A low proportion (1%) of
carrier sperm in one of the three probands suggested
potential for transgenerational inheritance of the al-
lele, but it also demonstrated that the epimutation
was unstable in the germline, having been erased
during gametogenesis in most sperm. There was no
evidence of the epimutations in parents or siblings of
the probands, and the daughter of one proband
inherited his MLH1 allele but with normal methyl-
ation. Although the evidence is insufficient to rule
out transgenerational inheritance of the MLH1 epi-
mutation, it suggests that inheritance of this epi-
mutation is likely to be weak, if it occurs at all.
A major environmental factor affecting human
health is nutrition, and many populations today and
in the past have been exposed to alternating feast or
famine conditions. Maternal nutrition during preg-
nancy can influence the disease susceptibility phe-
notype of children, and can influence, through the
female line, the birthweight of grandchildren (Lumey
and Stein 1997). In order to study the effects of
grandparental nutrition on cardiovascular mortality
and the incidence of diabetes, Kaati et al. (2002)
analyzed the records of three generations of people in
an isolated area of northern Sweden. The authors had
previously shown that longevity was inversely re-
lated to energy intake of the grandfather during his
slow growth period in childhood (Bygren et al. 2000).
In the new study, the original study group was ex-
panded to include 239 individuals born in either
1890, 1905, or 1920 (Kaati et al. 2002). The study
analyzed the relationship to cardiovascular mortality
or diabetes of food availability during the parents’ and
grandparents’ childhood slow growth period (912
years for boys, 810 years for girls). The results
showed that poor paternal or good maternal food
availability protected against cardiovascular mortal-
ity, while good paternal food availability tended to
protect from diabetes. Poor paternal grandfather’s
food availability tended to protect from diabetes and,
as previously shown, increased longevity, whereas
good paternal grandfather’s food availability predis-
posed to diabetes. The size of probands’ sibships was
increased if the paternal grandfather was exposed to
food shortages or if the father was exposed to a food
surfeit. The findings are important because they
show the effects of nutrition on one generation can
reach forward through the male line across at least
two generations. The opposing effects of paternal and
grandpaternal nutrition suggest that effects are
reversible. A genetic mechanism for transgenera-
tional transmission of the nutrition effects was
deemed unlikely in the absence of evidence for in-
tense selection across the three study generations.
Kaati et al. (2002) hypothesized an epigenetic cause,
most likely affecting an imprinted gene, and nomi-
nated the variable number tandem repeat (VNTR)
minisatellite upstream of the INS-IGF2-H19 im-
printed region as a candidate locus for the effect. The
region is paternally imprinted and paternal variation
at the INS VNTR had been associated with altered
risk of type 2 diabetes, thus suggesting that factors
affecting an imprinted gene might influence the
pathogenesis of type 2 diabetes (Huxtable et al. 2000).
Pembrey (2002) speculated that the mechanism
for transgenerational responses to nutrition observed
in the Kaati et al. study primarily could be related to
reproduction. The period of slow growth during
boyhood coincides with the onset of spermatogonial
differentiation and spermatocyte production, and
consequently the remethylation of marks erased
during gametogenesis at loci such as at the
imprinting control region between IGF2 and H19
(Kerjean et al. 2000; Pembrey 2002). Therefore, dur-
ing this period of dynamic epigenetic events in the
testis, nutrition could potentially directly affect
imprint establishment, and such an altered mark
might be heritable over several generations or sus-
ceptible to reversal in the following generation,
depending on nutritional exposures. If this were true,
then perhaps the notion of imprinting, at least for
this locus, would need to be revised to include some
flavor of a metastable epiallele in which stochastic
variation was prompted by environmental exposure
during a sensitive period. It should be noted that the
effect of the INS VNTR on susceptibilty to type 2
diabetes is controversial, with at least two recent
large studies coming to opposite conclusions
(Bennett et al. 2005; Meigs et al. 2005).
Underlying genetic instability could be a
confounding effect
From the preceding sections it is evident that the
scientific community is still at the very edge of
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understanding the impact of epigenetics on pheno-
typic variation. In outbred populations, recombina-
tion and the existence of innumerable SNPs could
theoretically alter epigenetic regulation of genes by
altering the potential for DNA methylation and
chromatin-associated protein attachment to loci.
Further complicating this is the recent realization of
extensive large-scale and fine-scale structural varia-
tion in mouse and human genomes (Crawford et al.
2004; Iafrate et al. 2004; McVean et al. 2004; Myers
et al. 2005; Sebat et al. 2004; Tuzun et al. 2005). This
variation includes deletions, inversions, insertions,
copy-number variation, and duplication of large
genome segments. Over 25,000 recombination hot-
spots were recently identified in the human genome,
occurring preferentially within 50 kb of genes and
not within transcribed domains (Myers et al. 2005).
Structural variation has been identified as the source
of phenotypic variation mediating human response
to the environment, proof of principle that structural
variation is important in human biology (Gonzalez
et al. 2005). It is not known what effect this might
have on regulatory sequences subject to epigenetic
control, and it could be argued that structural
changes leading to altered epigenetic regulation of
genes are at heart a genetic cause of variation.
However, this problem remains theoretical in the
absence of a deeper understanding of the epigenome
and its behavior. It is interesting to note that natu-
rally occurring transgenerational epigenetic inheri-
tance in plants occurs at repeat sequences or at
repeat arrays of transgenes (Zilberman and Henikoff
2005). Perhaps, in mammalian genomes, other repeat
types, in addition to the known retrotransposon
examples, might also be reasonable candidates for
epigenetic modification and transgenerational
inheritance.
An important question stemming from the
investigation of epigenetic heritability is can epige-
notype be selected in an evolutionary sense? Data
from the plant world suggest that epigenetically
determined phenotypic variability allows plants to
respond rapidly to environmental change, poten-
tially allowing survival and reproduction until ge-
netic change can provide more stable adaptation or
until the environment reverts to the previous state
(Finnegan 2002). The mouse and human data pre-
sented here are not really able to address this idea.
What sort of data might be compatible with the no-
tion of evolutionary selection of an epigenetically
determined variation? An intriguing observation of
heritable phenotypic plasticity in birds provides
clues as to the sort of study that might provide in-
sight into epigenetic inheritance and selection
(Nussey et al. 2005). Nussey and colleagues analyzed
the variability in reproductive timing in a population
of great tits, Parus major, across 30 generations in
the wild. Reproductive timing in these birds is
highly plastic in response to spring temperatures,
with signficant variation between birds in the plas-
ticity of the response. Coincident with changes in
climate and food availability over the observation
period, selection as measured by lifetime reproduc-
tive success has favored more plastic birds who are
better able to synchronize egg laying with climate
and hence food availability.
Concluding remarks
Transgenerational epigenetic inheritance of pheno-
type is the flavor of the month and is provoking
much interesting discussion (Jablonka and Lamb
2005), but little hard data support it in mammals. In
the same way as maternal effects can be mistaken
for genetic effects unless explicitly modeled (Kruuk
2004 and references therein), it is possible that epi-
genetic effects require specific modeling for detec-
tion. More sophisticated large studies are needed in
outbred populations, looking at the right sort of
phenotype, ideally a phenotype with known genetic
input, enabling elimination of a genetic cause for the
phenotypic variation. Inbred model populations are
still relatively untapped as an experimental resource
for investigating transgenerational epigenetic inher-
itance. As mechanisms are better understood and
population studies proceed, interesting findings are
bound to emerge.
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